Sphingolipids are thought to stabilize glycosylphosphatidylinositol (GPI)-anchored protein-rich membrane domains of yeast and polarized higher animal cells during the processing and targeting of these proteins to the plasma membrane. A widely used criterion for identifying the stable sphingolipid-and GPIanchored protein-enriched membrane domains is the resistance of these lipid-modified proteins to solubilization by the detergent Triton X-100 (TX-100) at low temperature. Surprisingly, there have been no reports of sphingolipid\GPI-anchored protein association in protozoans, despite the fact that these cells contain considerably higher levels of GPI-anchored proteins than does any other organism. We report here the presence in Tetrahymena mimbres of a significant pool of GPI-anchored proteins which resisted extraction by 1 % TX-100 at 4 mC but not at 37 mC. Of the total cellular complement of GPI-anchored proteins, which
INTRODUCTION
Well over 100 membrane proteins, including receptors, hydrolytic enzymes and complement factors, are attached to the ectoplasmic leaflet of the plasma membrane via a glycosylphosphatidylinositol (GPI) anchor [1, 2] . The carbohydrate and lipid structures of GPI anchors in several diverse cell types are now well understood, and it appears that the basic structure is the same in all organisms [3] [4] [5] [6] . However, the functions of the GPI anchor, which in most cases provides the only attachment of these proteins to the cell membrane, are still uncertain and under intense study [7] [8] [9] .
In polarized epithelial cells, GPI-anchored proteins are preferentially targeted to the apical plasma membrane [10, 11] . Since the intracellular sorting of a GPI-anchored protein is not mediated by an amino acid motif within the polypeptide, it has been suggested that the GPI anchor itself is the sorting signal [11, 12] . Sphingolipids are also transported preferentially to the cell surface, notably to the apical plasma membrane of polarized epithelial cells [13, 14] . One of the striking characteristics of sphingolipids is that they are able to self-associate to form Triton X-100 (TX-100)-insoluble microdomains in the lipid bilayer. These findings led [15] to the postulation that nascent GPIanchored proteins are incorporated into sphingolipid ' rafts ' in the Golgi apparatus through an interaction between the GPI anchor and the sphingolipids. The lipid-protein rafts would then be sorted into vesicles destined for the apical plasma membrane.
Abbreviations used : AcP, acid phosphatase ; GPI, glycosylphosphatidylinositol ; CAEP, ceramide-2-aminoethylphosphonate ; HCAEP, α-hydroxy fatty acid-containing ceramide-2-aminoethylphosphonate ; LCB, long-chain base ; NCAEP, non-hydroxy fatty acid-containing ceramide-2-aminoethylphosphonate ; pCMPSA, p-chloromercuriphenylsulphonic acid ; T100B, TX-100 extraction buffer ; TFB, Tetrahymena fractionation buffer ; TX-100, Triton X-100 ; TX-114, Triton X-114.
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together accounted for more than 2 % of whole-cell protein and were especially enriched in surface membranes, 10 % of the major 63 kDa component (gpi63) and 23 % of a somewhat less abundant component (gpi23) were insoluble in TX-100 at 4 mC. A substantial proportion of the cell's only abundant sphingolipid, ceramideaminoethylphosphonate (CAEP), was also insoluble in 1 % TX-100 at 4 mC. Radiolabelling studies involving [$H]leucine incorporation into proteins and [$H]palmitic acid incorporation into lipids revealed that the TX-100-resistant gpi63, gpi23 and CAEP molecules were all metabolically distinct from their TX-100-soluble counterparts in other compartments of the cell. The presence of detergent-resistant sphingolipid\GPI-anchored protein domains in non-polarized ciliate and trypanosomatid cells was probably obscured in previous studies by the profusion of accompanying detergent-soluble molecules.
These hypotheses have since been supported by observations that TX-100-insoluble membrane fragments of cells disrupted at 4 mC are highly enriched in GPI-anchored proteins and in sphingolipids [15] [16] [17] . TX-100 insolubility is now accepted by many investigators as a standard criterion for establishing the presence of tightly associated GPI-anchored proteinsphingolipid aggregates being processed for intracellular dissemination. These hypotheses have received additional credence from studies using inhibitors of sphingolipid synthesis. When the synthesis of sphingolipids was blocked, the intracellular transport of GPI-anchored proteins was in some cases misdirected [18] and in others dramatically slowed or totally abolished, whereas the transport of secretory and transmembrane proteins was unaffected [19, 20] .
Although GPI-anchored proteins exist in all animal cells examined, the most abundant are those expressed on the cell surface of protozoans [21, 22] . Surprisingly, the TX-100-insoluble GPI-anchored proteins-sphingolipid complex has not been reported from protozoans, and it has been assumed to be absent there [5] . However, a careful reading of the reports describing GPIanchored proteins in protozoans [23] [24] [25] [26] revealed that the detergent-solubility criteria necessary to test for microdomain association were not employed.
The ciliated protozoan Tetrahymena mimbres contains two GPI-anchored proteins accounting for 2-5 % of whole-cell protein [22] . It also contains large amounts of a single class of sphingolipid, ceramideaminoethylphosphonate (CAEP) [27] [28] [29] . Much of the two GPI-anchored proteins and the CAEP is expressed on the cell surface ( [27] ; X. Zhang, C.-Y. Hung and G. A. Thompson, Jr., unpublished work). The proteins appear to be members of a family of environmentally variable GPIanchored ' immobilization antigens ' [30] , which participate in a poorly understood way in the Tetrahymena mating process [31] . As the first step in studying the intracellular transport of these GPI-anchored proteins and sphingolipids in Tetrahymena, we have searched for GPI-anchored protein-sphingolipid complexes. The data presented in this report indicate that such complexes do exist and that the targeting of the GPI-anchored proteins and sphingolipids in Tetrahymena has much in common with that in mammalian and yeast cells.
EXPERIMENTAL Cell culture and harvesting
T. mimbres was cultured at 28 mC with constant rotary shaking (100 rev.\min) in 500 ml Erlenmeyer flasks containing 200 ml of sterile enriched proteose peptone medium [32] . The cell density was monitored with a Coulter counter model ZB. Unless otherwise indicated, cultures in the mid-exponential growth phase [(2-4)i10& cells\ml)] were used, and cells were harvested by centrifugation at 400 g for 5 min at room temperature.
TX-100 extraction
After centifugation of 50 ml of cell culture (4i10& cells\ml) (approx 24 mg of total protein), the cell pellet was set on ice and immediately resuspended to a final volume of 3 ml in ice-cold 1 % TX-100 extraction buffer (T100B) composed of 1 % TX-100, 150 mM NaCl, 5 mM EDTA, 2 mM PMSF, 2 mM pchloromercuriphenylsulphonic acid (pCMPSA) and 25 mM Tris\HCl, pH 7.5. The lysed cell preparation was vortex-mixed for 5 s and set on ice for 10 min with occasional inversions. Then the 3 ml mixture was distributed equally into three Microfuge tubes and centrifuged at 15 000 g at 4 mC for 2 min in an IECentra-M microcentrifuge (International Equipment Co., Needham Hts, MA, U.S.A.). From each tube 0.9 ml of supernatant (SUP1) was removed and combined for analysis. The loosely packed pellets (PEL1) were resuspended in the same volume of ice-cold T100B and set on ice for 5 min with occasional inversions. The suspensions were then re-centrifuged as above. The supernatants (SUP2) were combined in a separate tube, and the pellets (PEL2) were resuspended in the same volume of cold T100B and then set at 37 mC for 5 min with occasional inversions. After the 37 mC incubation, the tubes were set on ice for 2 min before being centrifuged as above. The final supernatants (SUP3) were combined, and the pellets (PEL3) were resuspended in the same volume of cold T100B. The fractions were analysed for their protein and lipid compositions. To test whether chilling cells before TX-100 extraction could cause a difference in extraction results, cells were quickly chilled to 4 mC in a solidified CO # \ acetone bath before harvesting, and processed as described above.
Electrophoresis, silver staining, Western blotting and densitometry
Electrophoresis was carried out with a Mini-PROTEAN II Electrophoresis System (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The proteins were electrophoresed in SDS\ polyacrylamide (12 %) gels at a constant 40 mA current as described by Laemmli [33] .
To study the protein composition of cells and TX-100 extracts, gels were silver-stained. Unless otherwise indicated, the volume of solutions mentioned below was 100 ml per gel and all of the following steps were carried out with gentle shaking. After electrophoresis, gels were sequentially soaked in water\ methanol\acetic acid (63 : 30 : 7, by vol), water\methanol\acetic acid (88 : 5 : 7, by vol.) and then aq. 10 % glutaraldehyde solution, each for 30 min. Then the gels were washed with distilled water for 1.5 h with frequent water changes. The gels were then soaked in freshly prepared -dithiothreitol solution (0.5 mg of dithiothreitol\100 ml of distilled water) for 30 min. After this solution had been drained off, the gels were soaked in aq. 0.1 % silver nitrate for 30 min. The gels were then quickly rinsed with distilled water twice, and with developing solution (3 % Na # CO # and 0.0185 % formaldehyde) twice, each time with 25 ml. After quick removal of the developing solution, the gels were placed in 50 ml of fresh developing solution until protein band intensities were appropriate. Then 2.5 ml of 2.3 M sodium citrate was added to stop the colour development.
For immunoblotting, the proteins were transferred to nitrocellulose membranes with a SemiPhor Semi-Dry transfer unit (Hoefer Scientific Instruments, San Francisco, CA, U.S.A.). The nitrocellulose membranes were then incubated with 3 % non-fat milk in PBS overnight at 4 mC. After blocking, the membranes were incubated with the appropriate mouse polyclonal antiserum in PBS with 0.1 % BSA (dilution 1 : 3000 for anti-gpi63 and 1 : 4000 for anti-gpi23) for 2 h at room temperature. After being washed with 0.05 % Tween 20 (3i10 min), the nitrocellulose membranes were incubated with the secondary antibody, alkaline phosphatase-conjugated goat anti-mouse IgG (whole molecule) (Sigma, St. Louis, MO, U.S.A. ; dilution 1 : 1000 in PBS) for 1 h at room temperature. The nitrocellulose membranes were then washed with 0.05 % Tween 20 (3i10 min). Alkaline phosphatase activity was detected with the phosphatase substrate system (Kirkegaard & Perry Laboratories, Gaithersburg, MD, U.S.A.), and the reaction was stopped by rinsing the membrane with a large volume of distilled water. The band intensities were quantified with a scanner (Real-Tech 800) controlled by NIH IMAGE software. On the basis of tests with different known amounts of purified gpi63 compared with increasing increments of a gpi63-rich Tetrahymena protein extract, it was established that quantification by Western blotting was linear over a range of 15-80 ng of gpi63. Because no highly purified gpi23 was available, only relative measurements were possible, but these gave linear readings over a 5-fold range of phosphatase-staining intensity.
In vivo protein labelling, TX-114 partitioning and gel slicing
The cell pellet from 400 ml of cell culture was washed with 200 ml of inorganic medium composed of 47 mM NaCl, 4 mM K # HPO % , 1 mM KH # PO % and 1 mM MgSO % [34] and resuspended in 100 ml of inorganic medium. After 20 min of incubation, 2 mCi of -[4,5-$H]leucine (173 Ci\mmol ; Amersham Corp., Arlington Heights, IL, U.S.A.) was added to the cell resuspension. The cells were incubated for 10 min with the radiotracer before the addition of non-radioactive -leucine (Sigma) in organic medium to give a final concentration of 1 mM. The cells were then centrifuged, and the cell pellet was resuspended in 200 ml of the growth medium containing 1 mM unlabelled -leucine. The culture was then evenly divided into two 200 ml Erlenmeyer flasks and cultured for an additional 0 min and 50 min respectively. After each chase period, 5 ml of the culture was centrifuged, and the pellet was treated with 200 µl of 2% TX-114 extraction buffer (2 % TX-114, 150 mM NaCl, 2 mM PMSF, 2 mM pCMPSA and 10 mM Tris\HCl, pH 7.5) for 30 min with frequent vortex-mixing. The homogenate was then centrifuged at 15 000 g for 2 min at 4 mC. The supernatant was saved into a microcentrifuge tube and stored at k20 mC overnight.
The 95 ml of cells remaining from each labelled culture were extracted twice, each time with about 2 ml of 1 % TX-100 at 4 mC (see under TX-100 extractions for details). The surface of the centrifuged PEL2 pellet was carefully rinsed with 200 µl of 25 mM Tris\HCl, pH 7.5, to remove residual TX-110, and the pellet was resuspended in 700 µl of 1% TX-114 extraction buffer (1 % TX-114, 150 mM NaCl, 2 mM PMSF, 2 mM pCMPSA and 10 mM Tris\HCl, pH 7.5). The mixture was incubated at 37 mC for 15 min and then set on ice for 2 min before being centrifuged at 15 000 g for 2 min at 4 mC. The supernatant was recovered in a microcentrifuge tube. After the concentration of TX-114 had been adjusted to 2 %, the tube was stored at k20 mC overnight.
The supernatants from PEL2 and from whole cells were partitioned as described by Ko and Thompson [22] . The TX-114-phase proteins were subjected to SDS\PAGE, stained with 0.05 % Coomassie Brilliant Blue R-250 in methanol\acetic acid\water American Radiolabeled Chemicals, St. Louis, MO, U.S.A.) in 15 µl of 100 % ethanol was added to 7.5 ml of cell culture having a density of 2.5i10& cells\ml. The culture was then incubated for 10 min before being diluted with growth medium to 50 ml. To achieve uniform labelling of lipids, the cells were further cultured at 28 mC for 14 h (approx. four cell generations). That this time was sufficient to achieve uniform radiolabelling was established by exposing cells to [$H]palmitic acid for time periods ranging from 4 to 24 h. After lipid extraction, the distribution of radioactivity among phospholipid classes was measured on TLC plates of silica gel H made with 2.5 % potassium oxalate, using the solvent system chloroform\acetic acid\methanol\water (75 : 25 : 5 : 2.2, by vol.) (solvent system A). Bands identified on the plates by exposure to I # vapour were scraped off and assayed for radioactivity by scintillation counting. After several hours of rapidly changing $H distribution among the polar lipid classes, the labelling pattern stabilized and remained constant from 14 h to at least 24 h, except for a slight continued hydroxylation of CAEP fatty acids (see below). This steady-state pattern matched the distribution of phospholipid mass, as estimated by densitometry of TLC plates sprayed with 50 % H # SO % and charred, and independently by inspection of TLC plates stained for lipid phosphorus. The pattern was similar to that determined previously by quantitative phosphorus analysis [35] .
In vivo lipid labelling and lipid quantification

Lipid extraction and analysis
Lipids in the TX-100 extracts and cell fractions were extracted as described by Bligh and Dyer [36] , in most cases immediately after the samples were prepared. The lipids were dissolved and stored in 100 µl of chloroform\methanol (6 : 1 v\v). In general, 10 µl of the lipid extracts was used to quantify total radioactivity of the labelled samples and the remaining 90 µl was used to study the lipid composition by TLC.
To study possible lipolysis during fraction isolation, aliquots of SUP1 were incubated at 4 mC for 0 or 30 min, or for 30 min at 4 mC followed by a 5 min incubation at 37 mC before lipid extraction. A possible phospholipase-induced increase in nonesterified fatty acid radioactivity during SUP1 incubation was tested by TLC using the solvent system petroleum ether\ethyl ether\acetic acid (70 : 30 : 1, by vol.) (solvent system B).
To carry out strong alkaline hydrolysis, appropriate amounts of lipids were first placed in a side-arm tube and dried under a stream of N # . The lipids were then dissolved in 1 ml of 1 M KOH in 95 % ethanol and refluxed at 60 mC for 2 h. After hydrolysis, the lipids were extracted three times with 2 ml of ethyl ether. The ethyl ether extracts were combined and washed twice with 2 ml of water. It was then evaporated under a stream of N # . The hydrolysed lipids were dissolved in a minimum amount of chloroform and run on TLC plates alongside authentic fatty acid standards in the solvent system B. Lipids on the TLC plates were quantified as above.
In order to remove glycerophospholipids and retain CAEP, total lipids were subjected to mild alkaline hydrolysis. Total lipids in a side-arm tube were dissolved in 2.5 ml of chloroform\ methanol (1 : 4 v\v) and then mixed with 0.75 ml of 2 M NaOH. The mixture was set at room temperature for 1 h before its pH was adjusted to 4 by the addition of 1 M HCl. Then chloroform was added to cause biphasic partition. The lower phase was recovered, washed with 2 vol. of methanol\water (1 : 1, v\v) and solvents were evaporated under a stream of N # . The hydrolysed lipids were dissolved in a minimum amount of chloroform and run on TLC plates in solvent system A.
Cell fractionation
T. mimbres culture (400 ml) was quickly chilled to 4 mC in an acetone\solidified CO # bath. All of the following procedures were carried out at 4 mC, unless otherwise indicated. The cells were collected by centrifugation and washed with 100 ml of cold Tetrahymena fractionation buffer (TFB) : 0.2 M potassium phosphate, 0.1 M NaCl and 3 mM EDTA, pH 7.2. The cell suspension was centrifuged at 300 g for 5 min, and the cell pellet was resuspended in 10 ml of cold TFB. The cells were deciliated by drawing them 12 times through a 16-gauge needle [37] . The deciliated cells were spun down by centrifugation at 1500 g for 5 min. The supernatant was further spun at 15 000 g for 5 min to bring down the cilia. The cilia were resuspended in 10 ml of cold TFB and recovered by centrifugation at 15 000 g for 5 min. The purified cilia were then extracted with 1 % TX-100 extraction buffer.
The deciliated cells were resuspended in 15 ml of TFB and further processed to prepare microsomes and cytosol. After disruption of the deciliated cells with a glass homogenizer, the homogenate was diluted to 20 ml with TFB and spun at 20 000 g for 10 min. The supernatant was carefully removed into new tubes and centrifuged at 100 000 g for 60 min to yield the microsomal pellet [38] . The supernatant from this centrifugation was designated cytosol.
Miscellaneous
Proteins were quantified by the bicinchoninic acid method [39] with reagents from Pierce (Rockford, IL, U.S.A.). Acid phosphatase (AcP) assays were carried out essentially as described by Banno and Nozawa [40] . All experiments described below were performed at least twice with similar results.
RESULTS
A unique group of Tetrahymena proteins resisted extraction by TX-100 at low temperature
To test the detergent solubility of Tetrahymena proteins, cells were subjected to a sequence of extractions with 1 % TX-100 ( Figure 1) . In a typical experiment, the supernatant (SUP1) from the first extraction, made at 4 mC, contained approx. 80 % of the whole-cell protein ( Table 1 ). The residual flocculent pellet (PEL1) was re-extracted with 1 % TX-100. This re-extraction yielded a supernatant (SUP2) containing 8-9 % of the whole cell protein, all of which could be accounted for by the 10 % of SUP1 that had
Figure 1 Flow chart of the TX-100 extraction scheme
See the Experimental section for details. The numbers in parentheses show the yield of protein as percentage of total cellular protein.
Table 1 gpi63 content of cells and TX-100 fractions
The enrichment is ng of gpi63/µg of fraction protein divided by ng of gpi63/µg of whole-cell protein. not been decanted from PEL1 after the first extraction (see the Experimental section).
In a control experiment to test for completeness of extraction, the insoluble pellet from the second TX-100 extraction at 4 mC (PEL2) was extracted a third time at 4 mC. Almost all ( 93 %) of the total PEL2 protein remained insoluble after this third exposure to detergent. Since the SDS\PAGE pattern of the supernatant from the third extraction resembled that of SUP1 and SUP2, it was considered to contain a negligible remnant of soluble proteins. The third extraction was therefore not routinely included in the extraction scheme.
In the standard protocol the twice-extracted insoluble residue (PEL2) (9 % of whole-cell protein) was then extracted with 1 % TX-100 at 37 mC, causing additional protein (2.5 % of whole-cell protein) to be solubilized into SUP3 and leaving behind in PEL3 an insoluble 6.6 % of whole-cell protein.
The SDS\PAGE patterns of proteins from SUP1, the 37 mC TX-100 extract (SUP3) and the pellet (PEL3) remaining after the 37 mC extraction were all different from each other (Figure 2 ), indicating that individual protein species were selectively solubilized by TX-100 under different conditions. An enrichment of gpi63, gpi23 and an unidentified protein of approx. 26 kDa in size was always noted in SUP3 (see the arrowheads in Figure 2 , lane 4). The SUP2 proteins resembled those in SUP1, as expected. Centrifugation of SUP1 at a higher force, 150 000 g for 20 min, did not sediment additional proteins.
Two GPI-anchored proteins were enriched in the TX-100 extract at 37 mC
The various extracts and pellets were analysed further for the presence of GPI-anchored proteins by immunoblotting and densitometry. Approx. 90 % of the cells' major GPI-anchored protein species, gpi63, was recovered in SUP1 plus SUP2 (Table  1) . However, the relatively small quantity of protein recovered in SUP3 (the 37 mC TX-100 extract) included significant amounts of gpi63 that were not extractable at 4 mC. In SUP3, gpi63 was enriched 3.8-fold over its concentration in whole cells. In contrast, the insoluble residue (PEL3) was essentially free of gpi63. A similar measurement was made of the less abundant GPIanchored protein, gpi23, in fractions from the same experiment ( Table 2 ), except that the mass of the gpi23 standard used for densitometry was not accurately known, making absolute quantification impossible. Nevertheless, by comparing arbitrary absorbance units, a significant enrichment of gpi23 in SUP3 relative to whole cells was obvious. The presence in SUP3 of 22 % of the cells' gpi23 in only 2.5 % of the cellular protein (9-fold enrichment) was particularly striking. No gpi23 was detected in PEL3.
The subset of GPI-anchored proteins that resists solubilization by TX-100 at 4 mC in many cell types has been found to be readily solubilized at 4 mC by the detergent octyl glucopyranoside [11] . Both gpi63 and gpi23 were also completely solubilized by the latter detergent at 4 mC (results not shown), further suggesting their involvement in tightly associating domains thought to exist in mammalian cells.
In comparison with the GPI-anchored proteins, a Tetrahymena transmembrane protein also under study, AcP [41] , was almost entirely (96 %) extracted by TX-100 at 4 mC (Table 3) . Only 2.7 % of AcP activity was carried through into SUP3, and there was no enrichment over the whole cell level.
GPI-anchored proteins solubilized by TX-100 at different temperatures represent metabolically distinct pools
As GPI-anchored proteins of mammalian cells move into their site of synthesis in the endoplasmic reticulum through the Golgi apparatus and on to secretory sites at the plasma membrane, their recruitment into TX-100 resistant microdomains takes place only after they reach the sphingolipid-enriched Golgi cisternae [42] . In our initial step towards determining whether the microdomain assembly of nascent Tetrahymena GPI-anchored proteins is also preceded by their movement into the secretory system, pulse-chase experiments were conducted using [$H]leucine. Cells labelled for 10 min and chased for an additional 0 or 50 min were extracted by a protocol identical in its first steps with that described above. However, because quantitative specific radioactivity measurements of the GPI-anchored proteins were needed, the last part of the extraction protein was modified as follows to obtain gel bands containing pure gpi23 and pure gpi63.
PEL2, the pellet of proteins remaining insoluble after TX-100 extraction at 4 mC, was washed free of TX-100 and then reextracted with TX-114 buffer at 37 mC, a temperature that induces phase partitioning of TX-114 and water (see the Experimental section). We previously showed that the TX-114 phase recovered after partitioning Tetrahymena whole-cell proteins contains essentially only gpi63, gpi23 and two relatively minor proteins, all of which were well separated by SDS\PAGE [22] . Other hydrophobic proteins had been removed by a novel low-temperature precipitation step inserted into this protocol.
In the present studies, Coomassie Blue-stained gels of the detergent phase from the TX-100-extracted and then TX-114-partitioned cells did indeed reveal a simple gel pattern, which included gpi63, gpi23, and three less abundant and well-separated bands (Figure 3b) . After [$H]leucine labelling, radioactivity appeared on the gels in discrete peaks coinciding with the Coomassie Blue-stained bands (Figure 3a) .
Bands representing gpi63 and gpi23 were quantified by densitometry of Western blots. Identical lanes from a separate gel were sliced and compared by scintillation counting with equivalent preparations obtained after TX-114 partitioning of whole cells (without prior TX-100 treatment, see the Experimental section) set aside in the same pulse-chase labelling experiments. The estimated specific radioactivities of the proteins are shown in Table 4 . The 0 min specific radioactivities of the whole-cell gpi63 and the TX-100-insoluble TX-114-soluble gpi63 were appreciably different from each other, and the ratio of these differences changed over the time period examined (Table 4 ). Whole-cell gpi63 was more radioactive than TX-100-insoluble TX-114-soluble gpi63 initially, but after a 50 min chase the latter was twice that measured for whole cells. Smaller differences in specific radioactivity but a similar trend of change was noted with gpi23 (Table 4) . This pattern of labelling, which was confirmed in a second independent experiment, indicates that the GPI-anchored proteins in the TX-100-insoluble TX-114 soluble phase come from a metabolic pool that must be distinct from certain other pools contributing heavily to the average specific radioactivity measured in whole cells. These clear intracellular differences in GPI-anchored protein specific radioactivity also establish that the GPI-anchored proteins that resist TX-100 extraction at 4 mC were not simply gpi63 and gpi23 molecules drawn randomly from a common whole-cell pool and non-specifically adsorbed to the other insoluble proteins as a detergent-induced artifact.
Sphingolipids were the most abundant lipids in the TX-100 extract at 37 mC
Certain lipids were also resistant to extraction by TX-100 at 4 mC. Using cells exposed to [$H]palmitate for 14 h, a time sufficient to give uniform labelling of lipids (see the Experimental section), TX-100 extractions were made as described above, and lipids were purified from the extracts. TLC showed that, although most polar lipid species were preferentially extracted at 4 mC (phosphatidylcholine and phosphatidylethanolamine are given as examples), some CAEPs, the ceramide lipids previously identified in Tetrahymena [28] , resisted extraction until the temperature was raised to 37 mC (Table 5 ). Then CAEPs were readily extracted, 
Table 5 Polar lipid composition of cells and TX-100 fractions
Figure 4 Temporal changes in the NCAEP/HCAEP radioactivity ratio in whole cells ($) and SUP (5) after pulse-labelling with [ 3 H]palmitate
yielding a SUP3 that was significantly enriched in CAEPs relative to whole-cell levels. On the basis of replicate experiments, from 14 to 19 % of whole cell CAEPs was determined to be insoluble in TX-100 at 4 mC. Of the two ceramides, the normal fatty acidcontaining CAEP (NCAEP) was much more highly enriched in SUP3 than the chromatographically separable hydroxy fatty acid-containing CAEP (HCAEP) ( Table 5 ). PEL3 contained only 0.1 % of the cells' polar lipids, and accurate quantification was not possible. However, CAEPs seemed to account for less than 10 % of the radioactivity recovered in PEL3.
Very non-polar lipids were also highly enriched in SUP3, accounting for as much as 30 % of the total radioactivity at short labelling times. The identity of these radioactive components as triacylglycerols was confirmed by TLC of the parent lipids and by showing, also by TLC, that the only radioactive products of base hydrolysis were fatty acids. The virtual absence of nonesterified fatty acids in the TX-100 extracts indicated that no significant lipolysis had occurred during the extraction procedures.
The low-temperature and high-temperature TX-100-extractable CAEPs represent distinct intracellular pools
It is known from previous work [29] that NCAEP is rapidly hydroxylated to HCAEP during the first few hours after its synthesis. The changing ratio of radioactivity between the two ceramide lipid subclasses in pulse-labelled whole cells provides a Table 6 Enrichment of gpi63 and gpi23 in whole cilia and TX-100 fractions Enrichment of gpi63 over whole cell value is expressed as ng of gpi63/µg of fraction protein divided by 30 ng of gpi63/µg of whole cell protein (see Table 1 ). Enrichment of gpi23 over whole cell value is expressed in units of gpi23/µg of fraction protein divided by 21 units of gpi23/µg of whole-cell protein (see Table 2 ). sensitive measure of this conversion ( [29] and Figure 4 ). Figure  4 also shows that the ratio of NCAEP to HCAEP radioactivities at various times after a pulse of [$H]palmitate was not the same in all parts of the cell. The initial d.p.m. of NCAEP\d.p.m. of HCAEP ratio was relatively high in whole cells, in agreement with our earlier findings [29] , and then declined at a time when the ratio in the SUP3 lipids was rising sharply (the very high 4 h SUP3 point is erratic, as judged from the lower 3 h time point measured in a later experiment). This suggests that the NCAEP that found its way into a TX-100-resistant compartment was protected against rapid hydroxylation or, alternatively, that CAEP molecules that did become hydroxylated were promptly shed from the insoluble domains. There was no net migration of labelled molecules from one pool to the other, since the combined CAEP radioactivity recovered in SUP3 accounted for approx. 25 % of the whole-cell CAEP radioactivity at all times.
It was important to confirm that the distinctiveness of the SUP3 ceramide lipid pool was genuine and that the association of GPI-anchored proteins with CAEPs was not simply an artifact of the extraction conditions. One important factor that has been shown to alter the physical relationships between proteins and lipids in intact cells, including Tetrahymena [43] , is temperature. Our standard extraction procedure involved an initial treatment with cold TX-100 of cells that had not been chilled below their growth temperature of 28 mC. As a control, some cultures were chilled from 28 to 4 mC over a period of 2 min before extraction to determine whether changes in i o in protein-lipid associations induced by chilling [43] might be detectable. The results with respect to GPI-anchored protein and lipid dissemination to the various detergent extracts were the same as those obtained using unchilled cells (Tables 1, 2 
and 5).
A different kind of control was designed to ascertain whether the observed protein-lipid association was induced by low temperature after the addition of TX-100. To investigate this
Table 7 Enrichment of gpi63 and gpi23 in microsomes (MIC) and TX-100 fractions
Enrichment of gpi63 over whole cell value is expressed as ng of gpi63/µg of fraction protein divided by 30 ng of gpi63/µg of whole cell protein (see Table 1 ). Enrichment of gpi23 over whole cell value is expressed in units of gpi23/µg of fraction protein divided by 21 units of gpi23/µg of whole-cell protein (see Table 2 ). point, PEL2 was extracted by TX-100 at 37 mC, and then part of the resulting SUP3 was cooled very slowly over a period of 40 min to 4 mC and re-centrifuged. Comparison of the lipids and GPI-anchored proteins indicated that gpi63 and gpi23 and the CAEPs remained in the supernatant under these conditions, just as they did after more rapid cooling. Therefore, once these components were extracted from accompanying proteins at 37 mC, the association could not be re-formed by a slow annealing process.
The two GPI-anchored proteins were highly enriched in the plasma membrane and even more enriched in 37 mC TX-100 extracts of the plasma membrane
The amounts of gpi63 and gpi23 in detached cilia were 5.4 times and 9.3 times higher respectively than in whole cells on a µg\mg of total protein basis (Table 6 ). Microsomes were also slightly enriched in gpi63 and gpi23, with values of 1.4 and 2.8 times that in whole cells respectively (Table 7) . Cytoplasm, which in Tetrahymena accounts for approx. 40 % of whole-cell proteins, contained no measurable GPI-anchored proteins (results not shown). When purified cilia were subjected to the TX-100 extraction procedure used with whole cells, the 37 mC extract (SUP3) was also highly enriched in both GPI-anchored proteins (Table 6) . Thus gpi63 was enriched in SUP3 to about 8.1 times more than the whole-cell level and gpi23 to about 15.0 times. Some 16 % of ciliary proteins were calculated to be gpi63, and 33 % of these were in SUP3, i.e. insoluble in TX-100 at 4 mC. This insoluble fraction represented a very sizeable proportion (23 %) of the whole-cell 4 mC-TX-100-insoluble gpi63, and would undoubtedly account for an even higher percentage if the entire complement of cilia could be recovered. It is clear from this that much of the 4 mC-TX-100-insoluble gpi63 was situated on the cell surface. However, in these highly purified surface membranes there was still much (50 % for gpi63 and also for gpi23) GPIanchored protein that could be solubilized in TX-100 at 4 mC.
The SUP3 prepared from microsomes was much less enriched in gpi63 and gpi23 than was that from cilia (Table 7) . This fraction was not completely homogeneous and possibly contained, in addition to endoplasmic reticulum, fragments of plasma membrane dislodged from the ruptured pellicle [38] .
Ceramide lipids were also especially enriched in the plasma membrane
Lipid extraction of cells and cilia uniformly labelled with [$H]palmitic acid showed that 32 % of the ciliary polar lipids were CAEP, and this was further enriched to 56 % in ciliary SUP3 lipids. In comparison, 17.9 % of the whole cell polar lipids were CAEP, and CAEP levels in SUP3 from whole cells increased to 51 % (Table 5) .
After construction of a balance sheet, the total ciliary CAEP insoluble in TX-100 at 4 mC was estimated to account for 15 % of the whole-cell 4 mC-TX-100-insoluble CAEP, a sizeable enrichment considering that cilia constitute only about 2 % of wholecell protein. Another complement of plasma membrane roughly equal to that encompassing the cilia encloses the body cell itself [38] but cannot be efficiently purified.
DISCUSSION
Much effort is currently being directed towards understanding the mechanisms for GPI-anchored protein processing and targeting to the plasma membrane [20] . The most instructive work has involved mammalian epithelial cells, where GPI-anchored proteins are directed to the apical plasma membrane in preference to the basolateral plasma membrane. A variety of evidence [16, 19, 42] strongly suggests that a tight association of the GPIanchored proteins with certain lipids, especially sphingolipids, is necessary for efficient targeting. However, the precise function of the sphingolipids is unclear. In a recent study [45] , exogenous ceramide lipids and synthetic analogues were utilized by cells differently depending on whether they contained normal or 2-OH fatty acids. Glycosylceramides of Caco-2 cells were targeted to the apical plasma membrane (as were the GPI-anchored proteins) if the fatty acid moiety was normal and to the basolateral plasma membrane if it was 2-OH substituted. In other situations the sugar substituent of the glycosylceramide, generally either glucose or galactose, appeared to determine the cellular destination. Because of the large variety of sphingolipids present and the somewhat unnatural manner of sphingolipid precursor administration, a complete evaluation of the factors most important in stabilizing lipid-lipid and lipid-protein associations in these cultured cells was not possible. It was clear, however, that the structure of the free lipids greatly influences the targeting process. Less is known about the impact on targeting of differences in the GPI-anchored protein's own covalently bound lipid anchor.
The data presented in this report indicate that the targeting of GPI-anchored proteins and lipids in the more primitive protozoan cell has much in common with that in metazoan cells. Tetrahymena is a simpler and experimentally more amenable system in several respects. Its plasma membrane does not have separate apical and basolateral domains, and therefore there is no need for specialized pathways of membrane translocation to functionally distinct regions of the cell surface. It contains two major GPI-anchored proteins, both present in quantities that are easily measurable in whole cells or cell fractions. It contains only one sphingolipid class of any abundance, CAEP, and this exists as two chromatographically separable subclasses, one having a saturated unsubstituted fatty acid and the other having a 2-OH substituent. The relative proportions of both the GPI-anchored proteins [46] and the sphingolipid subclasses [28] can be altered experimentally by changing the growing temperature.
We show here that metabolically distinct subpopulations of both the sphingolipids (Table 5 ) and the GPI-anchored proteins (Tables 1 and 2 ) are resistant to the solubilizing effects of TX-100 at 4 mC but not at 37 mC. This solubility property is the key criterion established by many groups [15] [16] [17] to indicate involvement in a tight lipid-protein molecular association undergoing processing for dissemination to the mammalian cell plasma membrane. Our findings of a similar pattern in Tetrahymena suggest that this special type of association is of ancient evolutionary origin. Bearing in mind the sensitivity of the GPIanchored protein domain targeting process to structural modifications in the associated free lipids, as described above for mammalian cells [45] , it is remarkable that the equivalent phenomenon in the protozoan cell succeeds using different sphingolipids and a fundamentally different lipid entity bound covalently to the protein anchor. Indeed, this is the first demonstration that proteins containing a ceramide anchor can form the type of tight lipid associations reported for glycerophosphatidylinositol-anchored proteins.
In cultured animal cells GPI-anchored proteins do not become TX-100 resistant until they move into the Golgi complex for processing [42] . Radiolabelling studies indicate that newly synthesized Tetrahymena GPI-anchored proteins and sphingolipids also enter this detergent-resistant domain after a delay, in this case of less than an hour. Some fatty acids become hydroxylated at the 2 position after their incorporation into the nascent sphingolipid [29] , and these products are much less likely to enter the complex than are the sphingolipids containing normal fatty acids (Table 5) .
Surface membranes, represented here by isolated and highly purified cilia, are greatly enriched in both TX-100-resistant and TX-100-soluble gpi63 and gpi23 (the two GPI-anchored proteins) and also in both TX-100-resistant and TX-100-soluble forms of sphingolipids. This raises the possibility, previously suggested for trypanosomes [47] , that some elements of the tightly associated domains are dissembled once the domains reach the cell surface. These unencumbered components may then be recycled back into the cell for use elsewhere.
Certain aspects of the Tetrahymena system are unique. Both gpi63 and gpi23 are themselves anchored to the cell surface by an inositol-containing sphingolipid in which mainly palmitate and stearate are amide-linked to the previously undescribed longchain base (LCB) 3-O-methylsphingosine [46] . O-Methylation of the LCB 3-hydroxyl group may have a significant effect on hydrogen-bonding between the anchor lipid and free lipids adjacent to it [48] . Surprisingly, there is no LCB O-methylation in the free sphingolipids, namely, the CAEP. These lipids all contain 2-aminoethylphosphonate as the polar head group [28] . The major LCB species are n-hexadeca-4-sphinganine and nnonadeca-4-sphinganine, and the fatty acids are saturated C "% to C ") normal or iso-branched species, with a significant percentage having the 2-OH modification [28] . Depending on the nature of the sphingolipid polar head group, fatty acid hydroxylation can have a marked effect on the lipid-phase transition, depending on the lipid species involved. Fatty acid hydroxylation can lower the phase-transition temperature of cerebrosides by 10 mC, but hydroxylation has no effect on the cerebroside sulphate transition temperature [48] . It has been suggested that fatty acid hy-droxylation may be more important in stabilizing the liquid crystalline phase than it is in disrupting the gel phase [48] .
Interestingly, the extent of hydroxylation of the CAEP fatty acids is determined by the cells' growing temperature. In the present work, Tetrahymena grown at 28 mC had nearly equal proportions of HCAEP and NCAEP (Table 5 ), but cells grown at 15 mC had mainly NCAEP and those grown at 39 mC mainly HCAEP [28] . When chilled, the Tetrahymena surface membranes are very susceptible to temperature-induced lipid-phase separation [43] , and the initial separation was observed at a temperature more than 20 mC lower in 15 mC-grown cells than in 39 mCgrown cells. We postulate that the physical properties of the membranes, including those domains containing GPI-anchored proteins, are modulated in part by the proportion of HCAEP present. Experimentation is now under way to repeat some of the analyses described here using high-and low-temperature-grown Tetrahymena.
By quantitative Western blotting in conjunction with direct protein assay, it was possible to quantify not only the cellular content of gpi63, the major Tetrahymena GPI-anchored protein, but also the proportion resistant to low-temperature TX-100 extraction. Thus of the gpi63 molecules, which account for a large proportion (2 % or more) of whole-cell protein, 9.4 % are insoluble in TX-100 at 4 mC. The TX-100-insoluble gpi63 therefore constitutes 0.2 % of whole-cell protein. It is difficult to compare this level with raft-associated GPI-anchored proteins in other cells because those components have rarely been determined as a percentage of whole-cell protein. Nevertheless, it is unlikely from recent reports (e.g. [16, 49, 50] ) that TX-100-resistant proteins of mammalian cells exceed the 0.2 % measured in Tetrahymena.
The quantitative estimates made here and in our earlier studies [22] give a range of values for gpi63 of 0.29-0.43 nmol\10' cells. Likewise, estimates of CAEP levels range from 13 nmol of CAEP\10' cells in the present study to approx. 1.3 nmol of CAEP\10' cells made some years ago by a different method [35] . Using these values to calculate a lipid\protein molar ratio gives a minimum value of 3.0 nmol of CAEP\nmol of gpi63 and a maximum value of 45 nmol of CAEP\nmol of gpi63 for whole cells.
Using these calculations plus the additional findings that 9.4 % of cellular gpi63 and approx. 16 % of cellular CAEP were resistant to TX-100 at 4 mC, it is possible to estimate the ratios within the detergent-resistant complexes. Based on the maximum value for whole cells given above, the ratio in the detergentresistant compartment is approx. 60 nmol of CAEP\nmol of gpi63.
The lack of a pure gpi23 standard prevented us from measuring its absolute level. However, analysis of its relative distribution in different cell fractions confirmed that its behaviour was generally similar to that of gpi63. Gpi23 was approximately twice as highly enriched as gpi63 in the low-temperature TX-100-resistant fractions of whole cells (compare Tables 1 and 2) , cilia (Table 6 ) and microsomes (Table 7) . Because the lipid anchors are essentially identical [46] , the greater retention of gpi23 must be due to either its significantly smaller size or structural differences in the protein or carbohydrate moieties. This is the first example of tightly associated GPI-anchored protein-ceramide lipid rafts in protozoan cells. It has been assumed [5] that protozoan cells lack this type of specific association because of the large quantities of GPI-anchored proteins reported to be freely soluble in TX-100 at low temperature [23] [24] [25] 28] . However, to our knowledge there has until the present study not been a careful search for GPI-anchored proteins remaining insoluble after a TX-100 extraction at 4 mC.
Therefore, if Tetrahymena is typical of protozoa, there is, in addition to the large population of freely TX-100-soluble GPIanchored proteins, a subpopulation of detergent-resistant GPIanchored proteins in these cells comparing favourably in abundance with that found in mammalian cells. Hence the failure to recognize the presence of detergent-resistant GPI-anchored proteins in protozoa does not reflect a low absolute abundance. It is more likely that the unusually high level of readily soluble GPIanchored proteins in these cells has masked the relatively much smaller insoluble pool.
In some studies, e.g. that involving Madin-Darby canine kidney epithelial cells [51] , physical separation of ceramide lipid\sterol\GPI-anchored protein-rich membrane fragments was possible by taking advantage of their relatively low density in sucrose gradients. We did not detect material of this sort in the TX-100 extracts in Tetrahymena. If present, large membrane fragments of this nature may well have been trapped inside the detergent-permeabilized pellicle (the proteinaceous cell envelope), which could be seen by phase-contrast microscopy to remain intact after low-temperature TX-100 extraction (X. Zhang and G. A. Thompson, Jr., unpublished work).
We conclude that processing and trafficking of newly synthesized GPI-anchored proteins involve a tight association of GPI-anchored proteins and ceramide lipids in protozoa just as they do in mammalian cells. Other lipids such as the cholesterol analogue, tetrahymanol, may also be involved, but our analysis did not evaluate that point.
The presence of freely soluble GPI-anchored proteins in surface membranes as well as other cellular compartments suggests that the tight association may be transient, as it also is in mammals. Tetrahymena lacks the well-developed Golgi apparatus typical of most eukaryotic cells and has instead 300-400 diminutive dictyosomes of one or two cisternae localized near the cell surface [52] . Some parasitic protozoa [53] also lack a morphologically identifiable Golgi. Further study is needed to clarify the dynamics of the flux through the protozoan trafficking apparatus and the extent of tight lipid-protein association at each site.
